1.. Introduction {#s1}
================

Owing to the increasing demand for fossil fuels and growing environmental pollution levels, biomass resources have been widely used as major sources of renewable energy in many countries \[[@RSOS172346C1],[@RSOS172346C2]\]. However, biomass resources have high moisture content and low bulk energy densities, and exhibit propensity to decay during storage, and thus, their use is limited. Presently, several methods, such as pelletization and pyrolysis \[[@RSOS172346C2]--[@RSOS172346C4]\], are used for overcoming these disadvantages and other related problems.

Biomass pelletization is a process in which biomass residues or wastes are compacted into uniformly sized solid fuels either with all kinds of binders or without binders through the application of mechanical force \[[@RSOS172346C1],[@RSOS172346C5]\]. Biomass pellets have low moisture contents, high calorific values, and uniform shapes and demonstrate clean burning. They reduce costs and problems related to transport and storage because of their stable quality, strong weatherability and suitability to long-term storage \[[@RSOS172346C6],[@RSOS172346C7]\]. For the above-mentioned reasons, biomass pellets are recommended in the energy industry. However, the popularization and application of pellets are extremely expensive. In China, corn straw pellets cost about \$75 per ton. Therefore, the utilization of pellets must be maximized such that their values are enhanced. In this paper, biochar pellets were produced by pyrolysis technology, and improve the value of biochar pellets and their application compared to raw pellets.

Pyrolysis technology is currently one of the most interesting processes for biomass thermochemical conversion, as it is a sustainable and Earth-friendly approach for energy produce. Biomass decomposes at a temperature range of 400--700°C, in the absence of oxygen during pyrolysis process \[[@RSOS172346C8],[@RSOS172346C9]\]. Meanwhile, biomasses can be transformed into biochar, bio-oil and gaseous products. Gaseous products can be used as fuels because they contain a large number of H~2~ and CO molecules \[[@RSOS172346C10]\]. Likewise, bio-oil can be used as fuels and ingredients for chemical products, such as phenols, organic acids and oxygenates \[[@RSOS172346C11]\]. Biochar can be used as solid fuels and sources of soil amendment according to pyrolysis conditions \[[@RSOS172346C8],[@RSOS172346C12]\]. Pyrolysis technologies are usually divided into flash, fast and slow pyrolysis. Fast and slow pyrolysis have been widely applied in industry. Fast heating rates (10--600°C s^−1^) are conducive to the quick fragmentation of biomass and increases the amount of generated bio-oil and gases, producing less char. In contrast with fast pyrolysis, slow pyrolysis (5--10°C min^−1^), where hot vapour has a longer residence time, produces larger portions of biochar and non-condensable gas.

It was estimated that the volume of the pyrolysis system can be reduced by about 30 times because of the change of bulk density. Experiment results showed that corn straw pellets bulk density is about 600 kg m^−3^; nevertheless, the powder density is about 20 kg m^−3^ via ourselves. Furthermore, biochar pellets have considerably large density, desirable hardness and good hydrophobicity. Using biochar pellets reduces transport and investment costs for fuel storage and process feeding to greater extent than using biochar powder \[[@RSOS172346C13]--[@RSOS172346C15]\]. Therefore, the pyrolysation of biomass pellets has obvious advantages, such as decreased equipment cost, simple equipment system and high production efficiency

In the last decade, some studies on thermal behaviour, biochar properties, reaction mechanisms and kinetics of biomass pellets pyrolysis were conducted. Yan *et al*. \[[@RSOS172346C16]\] studied the fuel properties of biochar pellets from Chinese fir sawdust pellets under different temperatures (400, 450, 500, 550 and 600°C), heating rates (2, 6 and 10°C min^−1^) and residence times (60, 120 and 180 min). They found that biochar pellets have high calorific values and improved compression and shatter resistance at 550°C. In addition, the heating rate of 2°C min^−1^ and residence time of 120 min were chosen for better properties of pellets. Zhou *et al*. \[[@RSOS172346C17]\] investigated the pyrolysis behaviour of pelletized municipal solid waste and found that the char yield dropped significantly with increasing temperatures from 450 to 900°C, due to the high content of plastic groups at high decomposition temperatures. Basu *et al*. \[[@RSOS172346C18]\] analysed the effect of torrefaction on density and volume changes of coarse biomass particles. Their results showed that the shrinkage in the radial direction was 3--4%, reduction in longitudinal direction was 6.5--8.8% and mass yield decreased with torrefaction severity. Paulauskas *et al*. \[[@RSOS172346C19]\] observed the same phenomenon as the swelling phenomenon intensified with temperature increase up to 550°C. They also observed the maximum expansion of wood pellets at 250°C. The diameters of the wood pellets increased by 12% of the initial diameter. At temperatures higher than 550°C, the rate of expansion of the wood pellets gradually decreased. Chen & Lin \[[@RSOS172346C15]\] discussed characteristics of pyrolysis products from oil palm fibre pellets in nitrogen and carbon dioxide atmospheres. They found that pellets can be used as feedstock and CO~2~ can be used as a carrier gas for pyrolysis, with the advantage of reducing reactor volume and achieving CO~2~ utilization. Ghiasi *et al*. \[[@RSOS172346C20]\] discussed the merits and defects of torrefaction after densification and those of densification after torrefaction. The results demonstrated that densifying and subsequently torrefying wood chips is energy efficient.

A total of 250 million tons of corn straw are produced annually in China \[[@RSOS172346C21]\]. Currently, corn straw is frequently disposed by burning, which considerably increases the level of environmental pollution. Compared with biochar generated by burning, biochar of corn straw produced by thermochemical means are promising because of their high lignocellulose content \[[@RSOS172346C22]\]. However, to the best of our knowledge, the characteristics of biochar pellets produced by the pyrolysation of corn straw pellets have not been investigated.

For these reasons, we used corn straw pellets as raw materials for biochar pellets in the present study. The purpose of this research was to elevate the fuel properties (mass yield, energy yield, higher heating value (HHV), hydrophobicity and mechanical resistance) of biochar pellets obtained from the pyrolysis technology of corn straw pellets and explore the theoretical basis for future industrial uses of pyrolysis technology from raw pellets.

2.. Material and methods {#s2}
========================

2.1.. Materials {#s2a}
---------------

Pellets from corn (maize) straw were purchased at a local factory. The proximate and ultimate analysis results are shown in [table 1](#RSOS172346TB1){ref-type="table"}. Table 1.Basic properties of corn straw pellets and their biochars. Note: Oxygen content is obtained by difference. Deviations are within 5%.samplesC (%)H (%)N (%)S (%)O (%)moisture (%)volatiles (%)ash (%)fixed carbon (%)HHV (MJ kg^−1^)mass yield (%)Energy yield (%)CSP40.026.010.880.2352.868.7965.949.1416.1315.45------CSP40056.462.861.290.1839.214.6726.9522.3446.0421.8635.4650.17CSP45057.142.541.200.1738.954.8418.3324.3952.4423.7632.2349.57CSP50058.852.811.170.1537.024.5314.0825.5155.8824.1531.0048.46CSP55059.292.501.130.1736.914.4210.6626.6258.3024.4929.6847.05CSP60060.842.151.000.1435.874.467.7927.5660.1924.5528.6545.52

2.2.. Biochar preparation {#s2b}
-------------------------

Pyrolysis was conducted at 400, 450, 500, 550 and 600°C at a heating rate 10°C min^−1^ for 30 min in a fixed-bed pyrolysis system (Hefei Ke Jing Materials Technology Co., Ltd, China) under a pure nitrogen atmosphere. The carrier gas that provides the pyrolysis environment was controlled at a flow rate of 100 ml min^−1^. In each experiment, approximately 100.0 g of corn straw pellets were arranged in an alumina boat placed in a quartz tube. To ensure that oxygen was completely removed, we filled the quartz tube with nitrogen at a flow rate of 100 ml min^−1^ for 20 min before the experiment. After cooling down to room temperature, the biochar in the alumina boat was weighed and stored in a desiccator for analysis. Biochar pellets were designated as 'CSPxxx', where 'xxx' showed the pyrolysis temperature. [Figure 1](#RSOS172346F1){ref-type="fig"} shows the images of several typical biochar simples prepared in the present study. To ensure the consistency of the experiment and prevent experimental errors caused by varying conditions, we arranged pellets in the same distribution and selected the same location samples in the quartz tube during analysis. Each experiment was conducted in three replicates, and the average values were reported. Figure 1.Images of biochar pellets prepared in the present study.

2.3.. Research methodology {#s2c}
--------------------------

For simulation of the actual utilization process, the samples were exposed to air for 24 h before the element analysis and proximate analysis. The elemental contents (C, H, N and S) of the corn straw pellets and biochars were analysed with a Vario Micro Cube elemental analyser (Elementar, Germany). The HHVs of the samples were measured according to the EN 14918 testing standard (combustion under pure oxygen atmosphere at 25°C; an oxygen bomb calorimeter was used; Huadian Analysis Instrument Co., Ltd, China) calibrated with benzoic acid. The mass and energy yield were calculated by equations (2.1) and (2.2) as follows:$$\text{Mass}\,\text{yield~}(\text{\%}) = {\frac{m_{biochar}}{m_{CSP}} \times 100}$$and$$\text{Energy}\,\text{yield}\,(\text{\%}) = {\frac{\text{HH}\text{V}_{biochar}}{\text{HH}\text{V}_{CSP}} \times \text{mass}\,\text{yield}.}$$

The hydrophobicity was expressed by equilibrium moisture content (EMC) and water resistance \[[@RSOS172346C23]\]. The EMC was measured by placing 20.0 g of each sample in two separate large bottles containing saturated sodium chloride and potassium carbonate at experimental temperature of 30°C for 48 h. The relative humidity (RH) of the bottles is approximately 75%, whereas that of the other bottle was 42%. After exposure, the samples were dried in an oven at 105°C for 24 h, the change in the weight before and after drying was calculated as the EMC. Water resistance was analysed. First, dried pellets and biochar pellets were immersed in water for 2 h. Then, the samples were drained by placing them on an adsorbent paper before they were gently placed on an aluminium sheet and exposed to a controlled environment (RH: 48--52% at 22--23°C) for 2 h. Last, the final material was weighed. Change in weight was expressed as the difference between the moisture contents of the final materials and raw samples.

Mechanical resistances were expressed by drop resistance, compression strength and durability. Samples were dropped from 1.85 m height on the concrete floor four times. After being dropped, the samples were screened by using a 2 mm sieve, and particles larger than 2 mm were weighed. Change in weight before and after dropping was expressed as drop resistance \[[@RSOS172346C23]\]. A total of 50 pellets were placed in a rotating drum with an internal diameter and length of 80 and 120 mm, respectively. The drum was equipped with two opposite inner baffles (10 × 120 mm) arranged perpendicularly to the cylinder wall. The rotation speed was set to 50 r.p.m. After 10 min, the biochar pellets were removed from the drum and screened with a 2 mm sieve. The percentage of the original samples that remained unbroken provided the durability \[[@RSOS172346C24]\]. The compression strength of each pellet was measured with an Instron machine. A single biochar pellet was placed between two horizontal plates and compressed at a rate of 25 mm min^−1^. A data logger connected to the machine recorded the force (*F*) applied on the biochar pellet. The maximum force was measured as the value for the compression strength when the biochar pellet was crushed \[[@RSOS172346C23]\].

Functional groups were examined by Fourier transform infrared (FT-IR) analysis (Nicolet 6700, America). Sample discs were prepared by mixing the dried samples with KBr powder at ambient temperature at a biochar/KBr ratio of 1 : 200.

We sputter-coated the samples with Pt to increase their conductivity for subsequent analysis by scanning electron microscopy (SEM). A JSM-6490LV scanning electron microscope (JEOL, Japan) was used for the analysis.

3.. Results and discussions {#s3}
===========================

3.1.. Mass and energy yields of the biochar pellets {#s3a}
---------------------------------------------------

Pyrolysis temperature is the most important factor affecting thermal stability. [Table 1](#RSOS172346TB1){ref-type="table"} shows the elemental compositions (C, H, O, N and S) of the samples, results of the proximate analysis and mass and energy yields of the biochar pellets.

The mass and energy yields of the biochar pellets followed a decreasing trend at increasing temperature. The mass and energy yield decreased from 35.46% to 28.65% and from 50.17% to 45.52%, respectively, which were similar to the results of previous study on powder samples \[[@RSOS172346C8],[@RSOS172346C12]\]. By contrast, the HHVs of the biochar pellets increased from 21.86 to 24.55 MJ kg^−1^. The results demonstrated that biochar pellets can replace lignite and subbituminous coal, whose HHVs were 16.38--28.10 MJ kg^−1^ \[[@RSOS172346C25],[@RSOS172346C26]\].

Increasing pyrolysis temperature considerably resulted in the increase in the C content, and the decrease in the H and O contents of the biochar pellets. The total C content of the raw pellet was 40.02%, whereas those of the biochar pellets were 56.46%, 57.14%, 58.85%, 59.29% and 60.84% at 400°C, 450°C, 500°C, 550°C and 600°C, respectively. The results indicated that biochar pellets became more carbonaceous as the temperature increased. The results are consistent with those of Chen & Lin \[[@RSOS172346C15]\]

The H/C and O/C atomic ratios of the corn straw pellets and their biochar pellets are shown in the Van Krevelen diagram ([figure 2](#RSOS172346F2){ref-type="fig"}), which indicates that the evolution of the H/C and O/C atomic ratios from raw pellets to biochar pellets followed the paths of decarboxylation and dehydration reactions. At increased temperature, the H/C and O/C atomic ratios of the biochar were close to the origin, indicating that the biochar pellets have better fuel characteristics than raw biomass. For the purpose of estimating fuel properties, the H/C and O/C atomic ratios of the anthracite, coal, lignite and peat are shown in [figure 2](#RSOS172346F2){ref-type="fig"} \[[@RSOS172346C27]\]. Figure 2.Van Krevelen diagram for raw pellet and biochar pellets at different temperatures.

3.2.. Hydrophobicity {#s3b}
--------------------

Water resistance of all pellets was used as an indicator for hydrophobicity. The high moisture content easily led to the fragmentation of the biomass pellets. This fragmentation can result in difficulties in the storage and transportation of biomass pellets. The results for the hydrophobicity of raw pellets and biochar pellets are shown in [table 2](#RSOS172346TB2){ref-type="table"}. With regard to EMC before immersion in water, the hydrophobicity of biochar pellets was improved by pyrolysis, but decreased at pyrolysis temperatures from 400 to 600°C. Compared with the EMC of raw pellets, which was 6.85% when the RH was 42%, the EMC of the biochar pellets increased from 3.28 to 5.89%. When the RH was 75%, the EMCs of the raw pellets were all 8.53%, while those of the biochar pellets increased from 5.22 to 7.39%. To evaluate the strength of the pellets against the water resistance, we immersed the raw pellets and biochar pellets in water for 2 h. The raw pellets rapidly inflated and separated into fine particles within 10 min after immersion in water. At all pyrolysis temperatures, the biochar pellets sustained their shapes and structures and remained intact even after immersion in water for more than 2 h. The CSP600 floated on the surface of the water, and then submerged in water after 30 min. The highest EMC of the biochar pellets after immersion in water were observed at a pyrolysis temperature of 600°C. These results are opposite to those of some researchers \[[@RSOS172346C8],[@RSOS172346C23]\], who observed that increase in pyrolysis temperature lowers the hydrophility of biochar. The reason may be that the pore structures of biochar pellets are damaged by the contraction of the biomass pellets during pyrolysis and the hydrophobicity of the biochar pellets is slightly increased at higher temperatures. Table 2.The hydrophobicity of corn straw pellets and biochar pellets. Deviations are within 5%.samplesthe EMC before immersion in water (%)the EMC after immersion in water (%)BET surface area (m^2^/g)RH 42%RH 75%CSP6.858.53---CSP4003.285.2226.114.26CSP4504.265.6427.745.97CSP5004.956.1227.8012.61CSP5505.146.6128.5124.38CSP6005.897.3929.4229.60

The chemical compositions and structures of pellets have a strong influence on their hydrophobic behaviour. The pyrolysis process eliminates hemicelluloses, celluloses and lignins from biomass samples, which influenced the capacity for water sorption \[[@RSOS172346C23]\]. Hence, the EMCs of the biochar pellets before immersion in water were less than those of the raw pellets. The EMC of biochar pellets before and after immersion in water increased with increasing pyrolysis temperature. The reason is that the micropores of the biochar pellets increase with increasing pyrolysis temperature and absorb more free water \[[@RSOS172346C28]\] ([table 2](#RSOS172346TB2){ref-type="table"}).

3.3.. Mechanical resistance {#s3c}
---------------------------

The mechanical resistance is a good method for evaluating the strengths and qualities of biochar pellets during their transport and storage. Drop resistance and durability can be used in predicting the ability of biochar pellets to remain intact during transport and storage \[[@RSOS172346C23],[@RSOS172346C24]\]. The compression strength of biochar pellets also indicates the internal bonding strength or the maximum force that a pellet can withstand before its rupture during storage. Drop resistance, durability and compression strength values of the raw and biochar pellets are shown in [table 3](#RSOS172346TB3){ref-type="table"}. Table 3.The mechanical resistance of raw pellets and biochar pellets. Deviations are within 5%.samplesdrop resistance (%)durability (%)compression strength (kN)CSP99.2299.230.8318CSP40091.9831.820.1694CSP45094.0540.730.2034CSP50094.1142.830.2202CSP55095.2444.110.2345CSP60095.9845.210.2459

The drop resistance and durability of biochar pellets increased with increasing pyrolysis temperature. However, the drop resistance and durability were found to be lower than those of the raw pellets. The durability ranged from 31.82 to 45.21%, which was far below the untreated sample\'s value (99.23%). Similarly, the compression strength of the biochar pellets increased with increasing pyrolysis temperature, but remained lower than those of raw pellets in most cases. A possible reason for the low durability and compression strength of the biochar pellets is the presence of pores, which might have reduced the mechanical properties of the pellets \[[@RSOS172346C29]\]. The average pore diameters decreased when pyrolysis temperature increased from 400 to 600°C \[[@RSOS172346C8],[@RSOS172346C30]\] owing to the stable spatial structure. The results indicated that biochar pellets demonstrated excellent resistance, although the durability and compression strength were reduced to some extent.

3.4.. Fourier transform infrared analysis {#s3d}
-----------------------------------------

The FT-IR spectra are shown in [figure 3](#RSOS172346F3){ref-type="fig"} at various temperatures. The results of the FT-IR spectra for the raw corn straw had complex transmittance bands, and biochars obtained were similar to the raw sample. However, some functional groups weakened or disappeared. At increased temperature, the biochars became different in terms of the FT-IR spectra. At 600°C, functional groups in the char were nearly non-existent. A broad band at 3380 cm^−1^ was attributed to the stretching of the hydrogen-bonded −OH group. This peak weakened when the temperature was increased to 600°C. This condition may be attributed to the dehydration of the biomass. Meanwhile, a large amount of water was released. The bands attributable to aliphatic −CH~2~ and aromatic −CH~3~ (2921, 2855 cm^−1^) also decreased to zero as the temperature increased to 550 or 600°C. The decrease was possibly due to the breaking of the weak bonds between the C and H atoms of the alkyl groups. The breaking of the C--H functional groups promoted the release of CH~4~, C~2~H~6~ and C~2~H~4~ and resulted in the presence of CH~4~, C~2~H~6~ and C~2~H~4~ in gaseous products \[[@RSOS172346C31]\]. Figure 3.FT-IR spectra of corn straw and biochar pellets at different temperatures.

The bands at 1590 and 1436 cm^−1^ represented the stretching vibration of C=C and C=O in lignin, and the intensities of these bands decreased at 600°C, where few peaks were observed except aromatic C=C and C=O. The results indicated that the aromatization degree of biochar gradually increased. The bands at 1060 and 875 cm^−1^ were due to the stretching of C--O--C, and Si--O--Si groups, respectively. No obvious change in their peaks was observed because of their stable chemical bonds.

3.5.. Scanning electron microscopy analysis {#s3e}
-------------------------------------------

The physical structures of biochar pellets at various temperatures are shown in [figure 4](#RSOS172346F4){ref-type="fig"}. The biochar pellets displayed compact structures and regular shapes, although the structures varied at increasing temperatures. The structure was stacked together layer-by-layer because of compression during the pelletization process and remained as a multi-layered structure in the longitudinal direction. Meanwhile, the surface was quite clear. Figure 4.SEM image of raw pellet and biochar pellets at different temperatures: (*a*) CSP, (*b*) CSP400, (*c*) CSP450, (*d*) CSP500, (*e*) CSP550 and (*f*) CSP600.

[Figure 4](#RSOS172346F4){ref-type="fig"} clearly provides the biochar porous structure under SEM. The pore sizes of biochar pellets were heterogeneous, and the pore size of CSP400 was smaller. Highly porous biochar pellets have the benefit of adsorption sites for ions and provide space for nutrients and water retention \[[@RSOS172346C32]\].

4.. Conclusion {#s4}
==============

Biochar pellets generated from the pyrolysis of corn straw pellets were studied under different temperatures (400, 450, 500, 550 and 600°C). The HHVs of the biochar pellets increased from 21.86 to 24.55 MJ kg^−1^ at increased temperature. Biochar pellets can reduce the costs and problems associated with transport and storage of biomass because of its stable quality, strong weatherability and suitability to long-term storage. The excellent HHVs and physico-chemical properties of the biochar pellets demonstrated that biochars can replace lignite and subbituminous coal. Meanwhile, some functional groups weakened or disappeared in the biochar pellets, which displayed compact structures.
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